Melanin has been implicated in the pathogenesis of several important human fungal pathogens. Existing data suggest that the conidia of the dimorphic fungal pathogen Sporothrix schenckii produce melanin or melanin-like compounds; in this study we aimed to confirm this suggestion and to demonstrate in vitro and in vivo production of melanin by yeast cells. S. schenckii grown on Mycosel agar produced visibly pigmented conidia, although yeast cells grown in brain heart infusion and minimal medium broth appeared to be nonpigmented macroscopically. However, treatment of both conidia and yeast cells with proteolytic enzymes, denaturant, and concentrated hot acid yielded dark particles similar in shape and size to the corresponding propagules, which were stable free radicals consistent with identification as melanins. Melanin particles extracted from S. schenckii yeast cells were used to produce a panel of murine monoclonal antibodies (MAbs) which labeled pigmented conidia, yeast cells, and the isolated particles. Tissue from hamster testicles infected with S. schenckii contained fungal cells that were labeled by melanin-binding MAbs, and digestion of infected hamster tissue yielded dark particles that were also reactive. Additionally, sera from humans with sporotrichosis contained antibodies that bound melanin particles. These findings indicate that S. schenckii conidia and yeast cells can produce melanin or melanin-like compounds in vitro and that yeast cells can synthesize pigment in vivo. Since melanin is an important virulence factor in other pathogenic fungi, this pigment may have a similar role in the pathogenesis of sporotrichosis.
Sporothrix schenckii, the causative agent of sporotrichosis, is an important human pathogen in developing countries (3) , particularly in Central and South America, where infection rates in rural areas may approach 1 case per 1,000 individuals (23) . Infection is associated with trauma during the course of outdoor work, and treatment is required for the majority of patients (16) . Most cases of sporotrichosis are localized to the skin and subcutaneous tissues, although dissemination to osteoarticular structures and viscera may occur in both healthy and immunosuppressed individuals, particularly individuals with AIDS (4) . In the environment this dimorphic fungus exists as a hyphal form which produces pigmented conidia; after inoculation into tissue the infectious propagule transforms to the yeast phase.
Melanins are a ubiquitous class of biological pigments which play important roles throughout the plant and animal kingdoms (11) . They are high-molecular-weight negatively charged pigments that are typically dark brown or black and are formed by the oxidative polymerization of phenolic and/or indolic compounds (1) . In fungi melanins have attracted considerable interest as putative virulence factors, particularly in plant pathogens (19, 24) ; most of the latter produce dihydroxynaphthalene (DHN) melanin via a pathway involving a series of enzymes, including polyketide synthase and scytalone reductase (1) .
In the human fungal pathogen Cryptococcus neoformans melanin is formed in the presence of exogenous dihydroxyphenolic compounds (12, 13, 34) by the action of a laccase, and it has been implicated in pathogenesis (2, 22, 27) . Data suggesting that there is a possible link between melanization and pathogenesis has also been obtained for Aspergillus fumigatus (14, 30) and Exophilia dermatitidis (28) . Melanization has also been identified in Histoplasma capsulatum (20) and Paracoccidioides brasiliensis (7) . In S. schenckii it has been demonstrated that production of a melanin-like pigment occurs via the 1,8-DHN pentaketide pathway (25) , and the pigment appears to protect conidia from oxidant damage and macrophage attack. In this study we attempted (i) to confirm that a melanin-like pigment is produced by conidia of S. schenckii and (ii) to determine whether S. schenckii can synthesize melanin or melanin-like compounds in the yeast phase by utilizing techniques developed to study and isolate melanin from other fungal pathogens.
MATERIALS AND METHODS
Fungal strains and media. S. schenckii strain 16127 (a black wild-type strain) was obtained from Brazil (Fundacao Oswaldo Cruz, Rio de Janeiro, Brazil). S. schenckii strain Mel Ϫ14 (an albino mutant) was obtained from H. Torres-Guerrero, Facultad de Medicina, Mexico City, Mexico (25) .Yeast cells were maintained by bimonthly subculturing on Mycosel agar (Becton Dickenson, Oxford, United Kingdom) or brain heart infusion (BHI) agar slants (Oxoid, Basingstoke, United Kingdom) at 37°C. Yeast cell cultures were also grown at 37°C in BHI medium and minimal medium (15.0 mM glucose, 10.0 mM MgSO 4 , 29.4 mM KH 2 PO 4 , 13.0 mM glycine, 3.0 M thiamine; pH 5.5) broth in a rotary shaker at 145 rpm for 7 and 15 days, respectively, in the dark. Mycelial and conidial forms of S. schenckii were grown and maintained at 21°C on Mycosel agar or minimal medium agar (minimal medium broth with 2% agar) in the dark. Mycelial slide cultures of S. schenckii 16127 (black wild-type strain) and Mel Ϫ14 (albino mutant) were produced by using Mycosel agar; the agar block was discarded, and the slides were fixed in 100% ethanol for 5 min prior to immunofluorescence analysis (see below). As previously described (26) , C. neoformans wild-type (Mel ϩ ) strain JEC21 and its albino mutant (Mel Ϫ ) strain HMC6 were used as positive and negative controls.
Isolation and purification of conidium and yeast particles, scanning electron microscopy, transmission electron microscopy, and ESR spectroscopy. Melanin particles were isolated from pigmented conidia and yeast cells grown for 60 and 7 days, respectively, as previously described (7, 27) . In brief, cells were collected by centrifugation and washed three times with phosphate-buffered saline (PBS) (0.1 M, pH 7.5) and then suspended in 1.0 M sorbitol-0.1 M sodium citrate (pH 5.5). Cells were then treated in turn with lysing enzymes (from Trichoderma harzianum; Sigma, Poole, Dorset, United Kingdom), 4 M guanidine thiocyanate (denaturant), and proteinase K (Roche Laboratories, Lewes, East Sussex, United Kingdom), (7, 27 ). The resultant material was then boiled in 6 M HCl, washed, and collected as previously described (7, 27) . Scanning electron microscopy and transmission electron microscopy of melanin particles from both conidia and yeast cells of S. schenckii 16127 were then performed as previously described (27) . Electron spin resonance (ESR) spectroscopy analyses were performed as previously described with melanin particles from both conidia and yeast cells by using a Gunn diode as the microwave source (5, 27) .
Production of MAbs against S. schenckii yeast cell melanin. Monoclonal antibodies (MAbs) were generated against S. schenckii yeast cell melanin particles derived from yeast cell cultures grown in BHI broth. Briefly, adult female BALB/c mice received five intraperitoneal inoculations (at 2-week intervals) containing 300 g of melanin particles made up in Freund's incomplete adjuvant (Difco, East Molesey, Surrey, United Kingdom). Polyclonal antibody responses against melanin were determined by an enzyme-linked immunosorbent assay ELISA (see below), and the spleen from the most responsive mouse was used to produce hybridomas by using the sp2/0 fusion partner (8, 9, 35) .
ELISA. Ninety-six-well ELISA plates (BDH, Poole, Dorset, United Kingdom) were used throughout this study for ELISA. Melanins from the following sources were suspended in distilled water at a concentration of 50 g of melanin particles per well: S. schenckii conidia and yeast cells, Penicillium marneffei conidia, A. fumigatus conidia, Aspergillus niger conidia, C. neoformans yeast cells (all fungal melanin ghosts were produced as described above), synthetic melanin (Sigma), and Sepia melanin (Sigma). The plates were then left undisturbed for 3 days at room temperature to allow for evaporation prior to baking at 60°C for 1 h and were blocked overnight with 5% (wt/vol) bovine serum albumin (Sigma) at 4°C. The plates were washed with Tris-buffered saline containing Tween (0.05%, vol/vol), and MAbs (either the novel anti-S. schenckii melanin MAbs or MAb 6D2, produced against melanin from C. neoformans [26] ) were added to the wells diluted 1:100 to 1:12,800 in PBS. The plates were incubated for 1.5 h at 37°C, washed as described above, and then probed with peroxidase-conjugated goat anti-mouse immunoglobulin M (IgM) (Jackson, West Grove, Pa.) at a dilution of 1:1,000 (incubated for 1.5 h at 37°C). Subsequently, o-phenylenediamine (Sigma) at a concentration of 20 g per well was added, and the plates were left for 5 min in the dark to develop. Then 0.01 M sulfuric acid was added to stop the reaction, and 100 l of liquid from each well was transferred to a fresh plate for reading with an ELISA reader (Ancos) at 490 nm against a 620-nm reference filter. The negative controls consisted of melanins incubated with MAb 5C11(), which binds to lipoarabinomannan of mycobacteria (6) as the primary antibody, fluorescein isothiocyanate (FITC)-labeled antibody alone, and wells that did not contain melanin.
Immunofluorescence analysis of melanin expression. Melanin particles derived from conidia and yeast cells (grown in BHI medium and minimal medium) were fixed onto 3-aminopropyltriethoxysilane-coated slides by evaporation at room temperature. The slides were then blocked with Superblock (Roche) overnight at 4°C. Slide cultures of S. schenckii mycelia were prepared as described previously and blocked as described above. All slides were then incubated for 2 h at 37°C with 10 g of either the novel anti-S. schenckii melanin MAbs or melanin-binding MAb 6D2. After they were washed in PBS, the slides were then incubated in a 1:100 dilution of FITC-conjugated goat anti-mouse IgM (Jackson) for 2 h at 37°C and washed again in PBS. Finally, the slides were mounted with 0.1 M PBS and glycerol at a ratio of 1:1 and examined. The negative controls consisted of either the irrelevant antibody MAb 5C11() as the primary antibody or FITC-labeled antibody alone.
To determine whether sera from patients infected with S. schenckii contained anti-melanin antibodies, slides coated with yeast cell-derived melanin were in- 
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S. SCHENCKII MELANIZATION 4027 cubated with human sera from Colombian patients with sporotrichosis (pretreatment) at dilutions of 1:10, 1:100, and 1:1,000 in 2% (wt/vol) bovine serum albumin for 1.5 h at 37°C. Informed consent was previously obtained from the patients. After PBS washes the slides were incubated with a 1:100 dilution of FITC-conjugated goat anti-human IgM (Jackson) for 1 h at 37°C. The slides were washed, mounted, and viewed as described above. Negative control sera (from normal, uninfected individuals) were also tested, and controls in which melanin was incubated with the conjugate alone were also included.
To examine in vivo expression of melanin, paraffin-embedded hamster testicular tissue infected with strain 16127 was sectioned. The paraffin was removed, and the sections were rehydrated, treated with 20 g of proteinase K per ml for 1 h at room temperature, and then heated in 10 mM citric acid in a microwave for 5 min. Slides were incubated in Superblock blocking buffer overnight at 4°C. Melanin-binding MAbs at a dilution of 1:100 were added to the slides, which were then incubated at 37°C for 1 h. After washing, the slides were incubated with a 1:100 dilution of FITC-conjugated goat anti-mouse IgM (Jackson). The slides were washed and mounted as described above. The negative controls consisted of slides incubated with FITC-labeled antibody alone or the irrelevant antibody MAb 5C11(). In addition, melanin particles were extracted from S. schenckii-infected paraffin-embedded hamster tissue by using the melanin isolation method described above and air dried onto 3-aminopropyltriethoxysilanecovered slides. The latter slides were then probed with the various anti-melanin MAbs and FITC-conjugated goat anti-mouse IgM as described above.
RESULTS
Melanization of S. schenckii conidia and yeast cells. Conidia of isolate 16127 produced by mycelia grown on minimal medium and Mycosel agar were visibly pigmented after 15 days. Yeast cells grown in BHI broth remained white macroscopically throughout a culture period of 7 to 15 days. However, treatment of these conidia and yeast cells with proteolytic and glycolytic enzymes, denaturant, and hot HCl resulted in isolation of aggregates of black particles that were similar in size and shape to the corresponding propagules, as demonstrated by scanning electron microscopy ( Fig. 1) . S. schenckii yeast cells grown in minimal medium broth for 15 days remained macroscopically nonpigmented, but treatment of these cells by the melanin extraction protocol resulted in collection of a small number of aggregated dark particles (Fig. 1) . No hyphal structures were identified after S. schenckii mycelia were subjected to the isolation protocol. Conidia and yeast cells from the melanin-deficient mutant S. schenckii Mel Ϫ14 were solubilized by the melanin extraction protocol. The wild-type strain C. neoformans JEC21 grown in the presence of L-3,4-dihyroxyphenylalanine(L-DOPA) produced melanin and was used as a positive control, and the C. neoformans albino mutant MHC6 (melanin deficient) was used as an additional negative control.
Transmission electron microscopy of S. schenckii conidia extracted with enzymes, denaturant, and hot acid ( Fig. 2A) revealed a layer of electron-dense granules enclosing a void. Transmission electron microscopy of S. schenckii yeast cells grown in minimal medium and then extracted as described above (Fig. 2B ) revealed hollow forms surrounded by a smoother layered electron-dense structure. The same pattern was ob- ESR spectroscopy. ESR spectroscopy of the melanin-like particles collected from S. schenckii 16127 conidia grown on Mycosel agar and yeast cells grown in BHI broth produced a signal which indicated that there was a stable free-radical population consistent with the hypothesis that the pigment was melanin (data not shown). The spectrum was virtually identical to the signals generated with C. neoformans (33) , P. brasiliensis (7) , and H. capsulatum (20) melanins. Particles extracted from yeast cells grown on minimal medium also produced a signal consistent with the hypothesis that the pigment was melanin, although the intensity was much lower (data not shown).
MAb production and ELISA reactivity. A total of seven anti-S. schenckii melanin MAbs (all IgMs) were produced. These novel MAbs (designated MAbs 2G5, 7G10, 5B11, 8B5, 5D7, 7C5, and 4C11) all reacted with the diverse melanin particles tested, including commercial sources of the pigment (Fig. 3) , as did the positive control MAb 6D2(). Of the eight melanins tested, the highest optical densities were obtained when Sporothrix yeast cell melanin particles were used. The most reactive MAbs were MAbs 2G5 and 6D2. Negative control wells (wells without melanin, wells incubated with control MAb 5C11(), or wells containing melanin but incubated without a primary antibody) were unreactive.
Immunofluorescence analyses. The anti-S. schenckii melanin MAbs bound to the surfaces of pigmented conidia grown on slide cultures but not to hyphae, as did MAb 6D2 (data not shown). These MAbs also bound to the surfaces of yeast cells grown in BHI medium and to yeast cells grown in minimal medium (data not shown). Melanin-like dark particles extracted from conidia and yeast cells grown in BHI medium were reactive with the anti-melanin MAbs (Fig. 4) ; these particles typically formed aggregates. Particles from yeast cells grown on minimal medium were also reactive (data not shown). There was no reactivity with conidia or yeast cells from the albino mutant Mel Ϫ14 grown on each type of medium (data not shown). Conidia, yeast cells, and particles did not react with the negative control MAb 5C11() (data not shown).
Tissue sections of testicles from hamsters infected with S. schenckii were stained with hematoxylin and eosin and Grocotts stain to confirm the presence of yeast cells (data not shown). Anti-melanin MAbs exhibited reactivity with yeast cells in infected tissue (Fig. 5) , which was absent when FITClabeled goat anti-mouse IgM was used alone or when the isotype-matched negative control MAb 5C11() was used.
Isolation of melanin particles from infected tissue. Treatment of infected hamster tissue by the melanin extraction protocol resulted in isolation of dark particles. These particles (Fig. 5) . Reactivity of sera from humans infected with S. schenckii with melanin as determined by the immunofluorescent antibody test. Sera from Colombian patients infected with S. schenckii showed positive recognition of S. schenckii yeast cellderived melanin particles when they were diluted 1:100, as determined by the immunofluorescent antibody test (Fig. 6) . Sera from uninfected controls from Colombia and the United Kingdom showed no reactivity.
DISCUSSION
The dimorphic fungus S. schenckii (10) was first identified from clinical samples in 1900; mycelial colonies from the initial isolate turned dark brown during prolonged culture at room temperature. Subsequent reports confirmed that there was pigment production in the mycelial form (17), but it was not until recently that the first functional analysis of the potential role of pigmentation in S. schenckii was undertaken (25) . S. schenckii conidia (melanization by S. schenckii yeast cells was not investigated) were shown to synthesize a melanin-like pigment via the 1,8-DHN pentaketide pathway. The melanin-like pigment protected the conidia from oxidative damage by free radicals and UV light and also conferred increased resistance to phagocytosis by macrophages (25) .
In the present study we sought to confirm that melanin is produced by S. schenckii conidia. Our evidence that melanin is formed by S. schenckii conidia (which complements the data of Romero-Martinez et al. [25] ) is as follows: (i) treatment of pigmented S. schenckii conidia with enzymes and chemicals resulted in isolation of black particles that were similar in size and shape to the original propagules, (ii) ESR spectroscopy analysis of pigmented conidium-derived particles showed the presence of a stable free radical compound consistent with melanin, and (iii) melanin-binding MAbs reacted with the cell surface of pigmented S. schenckii conidia grown in vitro and with the pigmented particles derived from these cells. In contrast, hyphal structures do not appear to be melanized, a pattern similar to the pattern seen in H. capsulatum and P. brasiliensis (7, 20) . The conidia in these fungi probably have a dual role as agents of environmental dissemination and as infectious propagules, and as such the protection against environmental insults provided by melanization is likely to be an important attribute.
Using techniques that have been developed for the study of melanization in other pathogens (7, 20, 21) , we also investigated melanization in the yeast phase of S. schenckii. (25) indicated that S. schenckii conidia grown on potato dextrose agar synthesize melanin via the DHN pathway, and conidia from P. brasiliensis and H. capsulatum (7, 20) can also produce pigment when they are grown on minimal media, suggesting that the DHN pathway is involved in these situations as well. BHI medium is derived from the brains and hearts of cows, and these organs are rich in phenolic compounds that could serve as substrates for the production of DOPA melanin by S. schenckii yeast cells. However, it is interesting that yeast cells grown extensively in minimal medium were also able to produce a melanin-like pigment, presumably via the DHN pathway. The ability of S. schenckii yeast cells to produce melanin when they are grown in minimal medium indicates that these cells possess the enzymes necessary to synthesize precursors required for the formation of melanin in addition to any mechanism which utilizes exogenous phenolic compounds. There is good evidence of antigenic cross-reactivity between different melanin types; thus, MAb 6D2, which was raised against DOPA melanin from C. neoformans (26) , is able to recognize the DHN melanin produced by conidia. We cannot be sure whether the novel MAbs which we produced were raised against DHN or DOPA melanin, but they were reactive with diverse melanins, including that from Aspergillus sp. (DHN melanin) and that from C. neoformans (DOPA melanin).
In summary, our results show that S. schenckii conidia and yeast cells synthesize melanin or melanin-like pigments in vitro and during infection. This raises the possibility that as in C. neoformans (2, 22) and E. dermatitidis (28) , pigment production is linked to virulence in S. schenckii. Although the majority of sporotrichosis infections throughout the world are cutaneous or subcutaneous, spontaneous healing rarely occurs, and therefore treatment is almost always needed (3). Disseminated sporotrichosis is a recognized problem in AIDS patients, and these individuals require high doses of amphotericin B for many months and usually need secondary life-long prophylaxis (15) . Melanization of C. neoformans decreases its susceptibility to amphotericin B (31, 32) , and thus, formation of melanin or melanin-like compounds may add to the difficulty of treating some cases of sporotrichosis.
